Using neat vapors of selected homologous aldehydes (decanal, undecanal, dodecanal) and carboxylic acids (pentanoic, hexanoic, heptanoic, octanoic, nonanoic), we explored the point where a certain homolog (and all larger ones) becomes undetectable by eye irritation (i.e., by ocular chemesthesis). This phenomenon has been observed in other homologous series that also reach a break-point, or cut-off, in chemesthetic detection.
Abstract
Using neat vapors of selected homologous aldehydes (decanal, undecanal, dodecanal) and carboxylic acids (pentanoic, hexanoic, heptanoic, octanoic, nonanoic), we explored the point where a certain homolog (and all larger ones) becomes undetectable by eye irritation (i.e., by ocular chemesthesis). This phenomenon has been observed in other homologous series that also reach a break-point, or cut-off, in chemesthetic detection.
Participants (11≤n≤32) were tested using a three-alternative, forced-choice procedure.
Flowrate to the eye equaled 4 or 8 L/min and time of exposure was 6 sec. The outcome showed that dodecanal and heptanoic acid were the shortest undetectable homologs.
When the vapor concentration of the stimuli was increased by heating the liquid source to 37°C, homologs located before the cut-off point (e.g., hexanoic acid) became readily detected by all subjects, whereas homologs located at the cut off remained largely undetected. In addition, a comparison of calculated values of eye irritation thresholds for aldehydes and acids (from a successful model of ocular chemesthetic potency) with values of saturated vapor concentration at 23 and 37 °C indicated that the vapor concentration of dodecanal and heptanoic acid should have been enough to produce detection. The outcome suggests that the cut-off observed does not result from a low vapor concentration but from limitations in the structure or dimension(s) of the molecules that render them unsuitable to interact effectively with chemesthetic receptors.
Introduction
Eye irritation from volatile organic compounds (VOCs) is a sensory endpoint of behavioral relevance in a variety of common everyday situations, for example, indoor environments of poor air quality (Wolkoff et al., 2005) . Airborne chemicals impinging upon exposed mucosae can produce pungent sensations, including stinging, freshness, prickling, piquancy, tingling, burning, irritation and the like. In the case of the ocular and nasal mucosa, a wide variety of vapors can activate trigeminal nerve endings and produce these sensations Silver, 2000, Doty and . This broad form of chemical sensitivity, originally known as the common chemical sense (Parker, 1912) , is now referred to as chemesthesis, a term that captures the concept of chemicallyinduced somesthesis (Green et al., 1990, Green and Lawless, 1991) . It is also known as chemical nociception (Lee et al., 2005) , although low levels of stimulation might not produce pain. The present study addresses the importance of chemical structure-activity on ocular chemesthesis from vapors.
Ocular chemesthetic sensitivity results from stimulation of free nerve endings from C-and A-delta trigeminal fibers, called polymodal nociceptors, that innervate the cornea and conjunctiva (Belmonte et al., 2004) . Chemical vapors, e.g. VOCs, could directly stimulate these nociceptors via the large family of transient receptor potential (TRP) channels, for example (Numazaki and Tominaga, 2004, Nilius and .
VOCs that are reactive towards tissue may also produce nociception by damaging cells and producing secondary release of endogenous chemical mediators activating various ion channels, such as acid sensing ion channels (ASIC), purinergic receptor subtype X channels (P2X), and serotonin ionotropic receptors (Rang et al., 1991 , Wood and Docherty, 1997 , McCleskey and Gold, 1999 , Lee et al., 2005 . Pharmacological and molecular-biology studies have identified a number of likely chemesthetic receptors such as the nicotine (Thuerauf et al., 1999 , Alimohammadi and Silver, 2000 , Thuerauf et al., 2006 , capsaicin (Walpole et al., 1996) , and menthol (Eccles, 1994 , Peier et al., 2002 receptors. The last two receptors are also thermoreceptors responding to warm/hot and cool/cold temperatures, respectively (Caterina et al., 1997 , McKemy et al., 2002 . The capsaicin receptor not only responds to chemically-related vanilloids (Szallasi and Blumberg, 1999 ) but also to unrelated VOCs (Trevisani et al., 2002 , Silver et al., 2006 , to other pungent compounds (Macpherson et al., 2005 , McNamara et al., 2005 and even inorganic volatiles (Trevisani et al., 2005) . Similarly, the nicotine receptor is modulated by VOCs such as homologous alcohols (Godden et al., 2001) . Conversely, menthol (Macpherson et al., 2006) and other pungent substances (Jordt et al., 2004 , Bautista et al., 2005 may activate a number of receptors. VOCs also stimulate trigeminal neurons insensitive to capsaicin and cooling, suggesting they activate other mechanism(s) and receptors (Inoue and Bryant, 2005) . Most likely, chemesthetic activation results from the integrated response of a number of receptors and pathways (Tominaga et al., 1998) .
Studies of VOCs from various homologous chemical series have shown that chemesthetic detection thresholds decrease, indicating that potency increases, with increasing carbon chain length (Cometto-Muñiz, 2001 ). Interestingly, this trend reached a break point in each series where the homolog failed to produce chemesthesis, even at vapor saturation. All ensuing larger homologs failed too. A quantitative structure-activity relationship (QSAR) model has revealed that chemesthetic potency rests largely on "selective" effects governing the transport of VOCs from the air to, ultimately, the receptor biophase , Abraham et al., 2001 .
The QSAR does not include a term that accounts for the break-point observed in chemesthesis. We have begun to explore the basis for this effect, and the location where it occurs within each series, with the aim of incorporating a parameter to account for it in the QSAR (Cometto-Muñiz et al., 2005b .
Testing the chemesthetic effectiveness of increasing members of homologous series can help to characterize the chemical and structural boundaries that make a vapor an effective or ineffective chemesthetic stimulus, as illustrated by the break-point phenomenon. This phenomenon bears resemblance to the cut-off effect observed for the aqueous anesthetic potency of homologous VOCs (Franks and Lieb, 1985 , Franks and Lieb, 1990 , Franks and Lieb, 1994 . In that case, the investigators concluded that molecules could exceed the size of binding pockets in protein receptors. We have investigated both ocular and nasal chemesthetic detection cut-offs along diverse VOCs and found experimental evidence of a chemical-structural limitation in the molecule, not overcome by increasing the vapor concentration (Cometto-Muñiz et al., 2004 , ComettoMuñiz et al., 2005b , Cometto-Muñiz et al., 2005a . In the present study we explore this issue for homologous aliphatic aldehydes and carboxylic acids. 
Materials and Methods
The protocol for all experiments was approved by an institutional review board at the University of California, San Diego. All participants provided written informed consent.
Subjects. We recruited a pool of 32 participants (17 female) with an average age of 25 (±9, SD) years, ranging from 18 to 56. Most of them (27, 16 female) performed in the normosmic range of a clinical olfactory test (Cain, 1989) . Four subjects (1 female) performed in the mildly hyposmic range, and only one man in the moderately hyposmic range. Six subjects were smokers (2 female). There were 3 contact lens wearers (all women) but none wore them on testing days. Seven participants (4 female) self-reported seasonal allergies that were not active at the time of testing. Individual data from the few hyposmics, smokers, contact users, and allergics did not fall out of range from that of the rest of the participants.
A subset of 21 subjects (10 female) completed at least 20 trials per condition (i.e., chemical and flowrate, see below). When analyzing individual data, only the results from this more intensively tested group were included. The characteristics of the subset were comparable to that of the larger pool described above.
Stimuli. We tested the following neat three aliphatic aldehydes and three carboxylic acids (purity in brackets): decanal (95+%, Food Chemical Codex, i.e., FCC, quality), undecanal (96+%, FCC), dodecanal (95+%, FCC), heptanoic (97+%), octanoic (98+%), and nonanoic (96+%) acid. Previous work on nasal pungency had suggested that chemesthesis would fail to be evoked starting from one of these homologs (ComettoMuñiz et al., 1998) . Stimuli were presented from the headspace (i.e., vapor phase) of a closed glass vessel system (1,900 ml) containing 200 ml of the neat chemical. The system, adapted for human eye irritation testing, has been described and illustrated in previous studies (Cometto-Muñiz et al., 2005b) . Vapor concentrations at 23°C were measured by gas chromatography (flame ionization detector, FID) using a calibration curve for mass, specific for each chemical . In the case of nonanoic acid, analytical sensitivity had to be increased by collecting vapor samples (100 ml) into adsorption tubes (Sorbent Tubes, 4.5 in L x 4 mm ID, packed with 20-35 mesh Tenax-TA/Carboxen1000/CarbosieveSIII) and desorbing the samples via a thermal desorption unit (ACEM Model 900, CDS Analytical, Inc.) directly into the gas chromatograph (Hewlett-Packard 5890) for quantification. Average measured concentrations in ppm by volume (±standard deviation, SD) were as follows: 59 (±0.9) for decanal, 32 (±2.5) for undecanal, 8.7 (±1.0) for dodecanal, 28 (±2.7) for heptanoic acid, 6.1 (±0.08) for octanoic acid, and 0.40 (±0.046) for nonanoic acid.
Procedure. To quantify detectability, we employed a three-alternative forced-choice procedure, using the headspace form vessels containing mineral oil (light, FCC) as blanks. Time of exposure equaled 6 sec. Flowrate to the eye equaled 4 and 8 L/min with nitrogen as carrier gas. Thus, there were 12 different stimuli (6 chemicals X 2 flowrates). To avoid depletion of headspace in stimulus vessels, each chemical was prepared in duplicate and presentation was alternated between duplicates. Subjects wore noseclips to avoid odor cues. The testing sequence of chemical and blanks within a trial (i.e., a "triad") and the order of presentation of the different chemical vapors and flow rates across trials were randomized. Participants were instructed not to proceed with the next exposure until all previous sensations (if any) had completely disappeared. We stress that all stimuli presented were at the very border of detection/no detection. Such brief and barely detectable stimulation levels do not produce clinical ocular signs (Podlekareva et al., 2002) . After testing each triad, subjects were required to select the presentation that felt "different" (typically stronger) from the other two, guessing if necessary, and to rate the confidence in their decision on a scale from "1" (not confident at all) to "5" (extremely confident). Participants took part in 3 to 4 sessions of 2-3 hours each.
Data analysis. Results are summarized as detection probability (i.e., detectability) and detection confidence of chemical stimulus. Detection probability was corrected for chance according to:
where P = detectability corrected for chance, m = number of choices per trial (in our case, three), and p(c) = proportion correct (i.e., number of correct trials / total number of trials) (Macmillan and Creelman, 1991) . Statistical significance was established by analysis of variance (ANOVA) for repeated measurements (Software: SuperANOVA v.1.11, Abacus Concepts, Inc., Berkeley, CA).
Results
Figure 1 illustrates detectability and confidence of detection among homologous aldehydes and acids. As expected, detectability of the aldehydes decreased with carbon chain length such that dodecanal was practically undetectable at either flowrate. A higher flowrate produced a noticeable increase in detectability of an already quite detectable stimulus, i.e., decanal, but seemed ineffective for stimuli close to being undetectable, i.e., undecanal and dodecanal. In contrast, all three acids were undetectable, irrespective of flowrate, and confidence of their detection remained relatively flat and low. Using the data on detectability from the 21 subjects that completed all conditions providing at least 20 trials per chemical and flowrate, we ran an analysis of variance (ANOVA) for repeated measurements using the factors flowrate (2 levels) and chemical (6 levels A look at the individual data from the subset of 21 intensively tested subjects revealed that most subjects followed the trends seen for the group as a whole, including a decreased detectability of aldehydes as carbon chain length increased, and a lack of effect of carbon chain length on detectability of the acids (Figure 2) . For most participants, the acids were undetectable or close to undetectable.
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Experiment 2: Eye irritation detectability of pentanoic and hexanoic acids
Experiment 1 established that neat homologous aliphatic aldehydes decrease in detectability with increasing carbon chain length such that dodecanal becomes practically undetectable. The same trend could not be shown among the acids given that none of them could be detected. This outcome suggested that lower members of the series needed to be tested to find the first undetectable homolog. In Experiment 2 we tested the eye irritation detectability of two additional, lower, acids, pentanoic and hexanoic. For comparison, we repeated the testing of dodecanal.
Materials and Methods
Subjects. Eleven participants (6 female) were recruited. Their average age was 30 (±13, SD) years, ranging from 19 to 52. All tested normosmic (Cain, 1989) . One female was a smoker and two females used contact lenses but did not wear them on testing days.
Four subjects (1 female) self-reported seasonal allergies that were not active at the time of testing. Five subjects (4 female) had participated in Experiment 1. Figure 3 illustrates the level of detectability of the three chemicals. It is quite clear that pentanoic acid was easily detected (P=0.93) whereas hexanoic acid was detected only at a low level (P=0.31). The detectability of dodecanal was almost at chance level (P=0.11), practically identical to that in Experiment 1 (P=0.09, see Figure 1 ).
Results
Insert Figure 3 about here
Experiment 3: Eye irritation detectability of dodecanal, hexanoic acid, and heptanoic acid at 23 and 37 °C
The combined results of Experiments 1 and 2 pointed towards dodecanal and heptanoic acid as the cut-off homologs within their respective series. The relatively low level of detection of hexanoic acid (P=0.31) led us to include it too for further testing. In Experiment 3 we set out to test if an increase in vapor concentration of these three chemicals, achieved by heating their sources to 37°C, could precipitate detection.
Materials and Methods
Subjects. We tested 23 participants (13 female). Their average age was 27 (±12, SD) years, ranging from 18 to 56. All of them tested normosmic (Cain, 1989 ) and were nonsmokers. Four subjects used contact lenses but did not wear them on testing days.
Three subjects (2 female) reported respiratory and/or seasonal allergies that were not active at the time of testing. Twenty participants (11 female) completed at least 20 trials per condition (chemical and temperature, i.e., concentration, see below) and the analysis of individual data, including the repeated measures ANOVA, was done on this group.
Stimuli. The concentrations (at 23°C) of dodecanal, hexanoic acid, and heptanoic acid were as in Experiments 1 and 2. Their concentrations (ppm±SD) at 37°C as determined by gas chromatography (FID detector) were 39 (±3.7) for dodecanal, 330 (±31) for hexanoic acid, and 82 (±8.7) for heptanoic acid. These values represent increments of 4.5, 6.1, and 2.9 times, respectively, compared to their concentrations at 23°C.
Procedure. Same as in Experiment 1, with flowrate to the eye at 4 L/min. In Experiment 3 each chemical was tested at 23°C and at 37°C, in the same session, against blanks at the corresponding temperature. Heated chemicals and blanks were presented from bottles resting in two calibrated water baths that delivered the vapor at approximately 37°C. Water baths and bottles were covered by a sheet of lab surface protector (made of cellulose fibers on top and polyethylene backing on bottom) perforated to allow only the top of the bottle to show. This sheet served, firstly, to hide the content of the bottles from view, and, secondly, to minimize temperature loss from the water bath to the room. The testing room was well ventilated and contained an activated carbon-based air purifier.
Data analysis. Same as in Experiment 1. Figure 4 illustrates the outcome. The detectability of hexanoic acid jumped dramatically from virtually chance detection (P=0.04) to almost perfect detection (P=0.95) when its vapor concentration was increased by heating its liquid source to 37°C.
Results
In contrast, the detectability of heptanoic acid remained close to chance level (from about P≈0.0 to P=0.11) and that of dodecanal only reached P = 0.25. These trends were confirmed by the results of an ANOVA for repeated measurements on the factors chemical (three levels) and concentration, i.e., temperature, (two levels) that showed significant differences for both chemical (F(2,38)=68.69, p<0.0001) and concentration (F(1,19)=168.66, p<0.0001), as well as for their interaction (F(2,38)=35.56, p<0.0001).
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A look at the individual data revealed that whereas every single subject increased the detectability of hexanoic acid at the higher concentration (H), less than half the subjects increased their detection of heptanoic acid and/or dodecanal ( Figure 5 ). For these two chemicals, participants failed to show a uniform trend as seen for hexanoic acid (Figure 6 ). Considering the range of individual variability observed even when all subjects follow a uniform trend (e.g., Figure 5 , hexanoic acid), we note that, out of 23 subjects, roughly 17 (8 females) in the case of heptanoic acid and 15 (8 females) in that of dodecanal failed to increase their detection of eye irritation with an increase in vapor concentration ( Figure 6 ). In fact, most subjects who failed to increase detection did so for both chemicals (n=13, 7 females), and half or more of the subjects that increased detection did so for both chemicals (n=4, 3 females). Only four subjects increased detection for dodecanal but not for heptanoic acid, and only two increased it for heptanoic acid but not for dodecanal. The relative performance of the concentrationresponsive group compared to the concentration-unresponsive group is illustrated in Figure 7 for both heptanoic acid and dodecanal.
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Discussion
The present results fall into line with those from previous studies on cut-off points for ocular chemesthesis along homologous esters, alcohols, alkylbenzenes, and ketones.
Among acetate esters and n-alcohols, decyl acetate and 1-undecanol, respectively, were the shortest homologs that failed to elicit eye irritation (Cometto-Muñiz et al., 2005b) .
Among alkylbenzenes and 2-ketones, heptyl benzene and 2-tridecanone, respectively, were the shortest homologs that failed to elicit eye irritation . When the saturated vapor concentration of these four cut-off homologs was increased (via heating to 37°C) at least 2.7 times (case of decyl acetate) and up to 8.2 times (case of 1-undecanol), the increase in detectability by eye irritation was always minimal (∆P<0.16) whether reaching statistical significance or not. To help put these values in perspective we mention that chemesthetic concentration-detection (i.e., psychometric) functions often grow from chance detection to almost perfect detection (i.e., ∆P≥0.90) within an increase in vapor concentration of less than 10 times (ComettoMuñiz et al., 2002 . In the work reported here, the saturated vapor concentration of the cut-off homologs dodecanal and heptanoic acid (Figure 1 ) was increased (via heating to 37°C) 4.5 and 2.9 times, respectively. Still, detectability barely increased by ∆P=0.21 for dodecanal, and remained within 2 X SE (standard error) of chance level (i.e., P=0.0±0.1) for heptanoic acid (Figure 4) . In contrast, a concentration increase of 6.1 times for hexanoic acid, the homolog just before the cut-off point, could bring its detectability from virtually chance (P<0.05) to virtually perfect detection (P>0.95) (Figure 4 ). Additional information can be gathered by looking at the performance of individual subjects (Figures 2, 5, and 6) , where the results also agree closely with those obtained previously for other series (Cometto-Muñiz et al., 2005b . For a homolog situated before the cut-off, such as hexanoic acid, increasing its vapor concentration produces a dramatic increase in detectability, as observed in Figure 5 for every subject (n=23). (Many individuals even went from chance to almost perfect detection.) In contrast, for homologs situated at the cut-off, such as heptanoic acid and dodecanal, increasing its vapor concentration only produces a modest increase in detection for some participants whereas for most participants no increase occurs ( Figure   6 ). Importantly, we note that among the subjects that failed to increase detection with concentration, a number of them (3 to 6) already showed, at the lower concentration, a modest but above chance level of detectability, i.e., 0.2<P<0.5 (Figure 6, Left) . Still, these subjects roughly maintained the same (above chance) detectability after the concentration has been increased about 3 times (heptanoic acid) or 4.5 times (dodecanal).
In the context of the relative steep nature of chemesthetic functions, as discussed above, this suggests that, for these individuals, concentration is no longer driving detection. An alternative limiting factor for the lack of chemesthetic potency of these vapors is molecular dimension(s). This alternative is consistent with the protein nature of described chemesthetic receptors (Pedersen et al., 2005 , Owsianik et al., 2006 whose suspected, but largely unknown, binding site(s) (Gunthorpe et al., 2002 would fail to accommodate molecules beyond a critical dimension, a phenomenon that has already been observed and described for cut-offs in anesthetic potency (Eger and Laster, 2001 ).
We have put forward a QSAR model based on a solvation equation that has successfully described and predicted ocular and nasal chemesthetic potency of vapors . We note that calculations from the model of ocular chemesthetic potency for aldehydes indicate that detection should have The QSAR model has mechanistic significance and implies that chemesthesis, as assessed psychophysically, relies very heavily on selective processes of transfer of the irritant VOC from the air to the receptive biophase, and relies to a much lower extent on specific processes of ligand-receptor interactions. In contrast, olfactory potency, although also relying on selective processes (Katada et al., 2005) , provides considerably more leverage to specific interactions . These findings are very compatible with the information on the contrasting number and diversity of putative receptors for the two chemosensory systems in humans: a few tens (30-50) for chemesthesis (Lee et al., 2005 , Pedersen et al., 2005 ) versus a few hundreds (350-400) for olfaction (Buck, 2004, Niimura and Nei, 2006) , despite both modalities responding to roughly the same range of VOCs, albeit at different concentration ranges (Cometto-Muñiz, 2001 ). As reports of particular cut-off homologs for ocular and nasal chemesthesis accumulate across a growing number of chemicallydiverse series, it may become possible to apply molecular modeling approaches to elucidate critical common dimensions that all cut-off molecules are likely to share. The identification and quantification of these critical dimensions will produce a new parameter(s) that, added to the present QSAR equation for chemesthetic potency of vapors toward humans, will enhance its applicability by including a term that addresses the cut-off effect (Abraham et al., 2001 ). 
